It was shown in a previous study that a lightest neutralino with mass below 30 GeV was severely constrained in the minimal supersymmetric standard model (MSSM), unless it annihilates via a light stau and thus yields the observed dark matter abundance. In such a scenario, while the stau is the nextto-lightest supersymmetric particle (NLSP), the charginos and the other neutralinos as well as sleptons of the first two families are also likely to be not too far above the mass bounds laid down by the Large Electron Positron (LEP) collider. As the branching ratios of decays of the charginos and the next-tolightest neutralino into staus are rather large, one expects significant rates of tau-rich final states in such a case. With this in view, we investigate the same-sign ditau and tri-tau signals of this scenario at the Large Hadron Collider (LHC) for two MSSM benchmark points corresponding to light neutralino dark matter. The associated signal rates for these channels are computed, for the centre-of-mass energy of 14 TeV. We find that both channels lead to appreciable rates if the squarks and the gluino are not too far above a TeV, thus allowing to probe scenarios with light neutralinos in the 14 TeV LHC run with 10 − 100fb
Introduction
Searches for scenarios beyond the standard model, which offer solutions to the 'naturalness issue and/or the dark matter problem, has been one of the main goals of the large hadron collider (LHC). At the end of its operation at 7 TeV, leading to accumulated data corresponding to about 5 f b −1 of integrated luminosity, the LHC has seen hints (though contentious) of a Higgs particle with a mass near 125 GeV; however, no signal of new particles, including a potential dark matter candidate, has yet revealed itself. In view of this, a large part of the parameter space of the most studied extension of the standard model, namely, the constrained minimal supersymmetric (SUSY) standard model (CMSSM), has been excluded. In particular, lower limits for squarks and gluinos in such a scenario has crossed the 1 TeV mark [1, 2, 3, 4] . Within the framework of the CMSSM, these limits in turn imply constraints on sleptons and electroweak gauginos whose masses are correlated with those of the strong sector. On the other hand, in the more general minimal SUSY standard model (MSSM) with free parameters defined at the electroweak scale, there are no direct correlations between the parameters of the strong and electroweak sector. Furthermore the constraints on the coloured sector from the LHC data can be somewhat relaxed. Thus the possibility of relatively light neutralinos, charginos or sleptons cannot yet be ruled out on the basis of existing data. In particular, the lightest neutralino as the lightest supersymmetric particle (LSP), at or below the electroweak scale, continues to offer itself as the dark matter (DM) candidate.
Early interest in supersymmetric models with light neutralinos [5, 6, 7, 8] was renewed by the hints of possible signals in direct detection experiments, DAMA [9, 10] , CoGeNT [11] , Cresst [12] . However, new particles below the electroweak scale are constrained both by collider searches for the Higgs and new particles (LEP, Tevatron and LHC), B-physics observables, precision measurements, as well as astrophysics constraints. Nevertheless, several studies have shown that within the MSSM with non-universal gaugino masses, a neutralino LSP with a mass smaller than 30 GeV (down to O(10) GeV) could satisfy all constraints [13, 14, 15, 16, 17, 18] . After applying LEP limits on charged particles, the most stringent constraint on the light neutralino (dominantly Bino) comes from the upper bound on the dark matter relic density measured by WMAP which requires an efficient mechanism for Bino annihilation. One such mechanism corresponds to Bino annihilation into fermion pairs via t-channel exchange of a slepton, with the largest annihilation cross section when the slepton is light. Universality of the soft masses for sleptons and a large mixing in the third generation, with a large value of tan β, the ratio of the two Higgs vacuum expectation values (vev), implies that the lightest slepton is the stau which therefore gives the largest contribution to neutralino annihilation. Furthermore the lower bound from LEP is only mτ > 81.9 GeV. Other constraints from direct detection of dark matter and from observations of gamma-rays from dark matter annihilation in the galaxy play an important role [13, 19] as well as limits on the Higgs sector and on B-observables from the LHC [20] .
A light stau therefore buttresses the light neutralino scenario from the dark mater point of view, and it is obviously interesting to look for hitherto unexplored signatures of such a scenario. The largest rate for production of staus comes from the decay chains of the strongly interacting squarks and gluinos. In particular, the scenario with a light Bino LSP which we will analyse has in addition light Higgsinos, as this favours large branching ratios of the chargino and neutralino decaying into staus. We therefore expect final states with many tau leptons since the lightest stau mainly decays into aχ 0 1 τ pair. In proposed leptonic signals of SUSY, same-sign dileptons as well as trileptons have often been advocated as relatively clean. However, similar signals with taus have not received that much attention as yet, though the identification of tau-charge in its one-prong decay is a distinct possibility now. Also, in cases where a high rate of tau production is archetypal of a specific scenario, it makes sense to look for tri-tau events, where detectable rates may be salvaged despite suppressions due to branching fraction and tau detection efficiency. The specific signature we will consider include same-sign di-tau or tri-tau final states associated with hard jets and missing transverse energy (/ E T ). Some earlier studies mainly in the context of gauge mediated SUSY breaking involving tau leptons can be found in [21, 22, 23, 24 ]. An early study to limit the minimal supergravity parameter space using the Tevatron data can be found in [25] .
Since the final states of our concern depends crucially on cascades triggered by squark and gluino production, the event rates will depend critically on the mass of the squarks/gluinos. Here we have chosen benchmark points where these masses are well above a TeV. Thus, not only they are consistent with existing experimental constraints, but our predictions are also on the conservative side.
The paper is organised as follows. In Section 2 we recall the conditions for having light neutralinos in the MSSM and identify benchmark points representative of light neutralino scenarios and which are expected to lead to a large tau production. The set-up of the analysis is described in Section 3 and the results are presented in Section 4. We summarise and conclude in Section 5.
Scenarios with large τ production
In this section, we focus on the production and decay channels which lead to a large τ production and identify two benchmark scenarios in order to perform a quantitative study of the di and tri-τ signatures expected at LHC in the case of neutralinos lighter than ∼ 30 GeV. We begin the discussion on this by emphasizing the viability of a light neutralino and a stau just above it, from the viewpoint of the dark matter content of the universe.
A light neutralino and its annihilation
We start by summarising the results obtained in Ref. [19] . In this reference a Markov Chain Monte Carlo (MCMC) was used to explore the MSSM parameter space in order to pinpoint allowed masses of the lightest possible neutralino in the [∼ 1, ∼ 30] GeV range in light of the dark matter relic density requirement as well as astrophysical, flavour and collider constraints. On the whole, eleven free parameters are considered, all defined at the electroweak scale, namely In fact, the right-handed smuons and selectrons, too, contribute significantly to the annihilation rate of the LSP, even though they are not as light as the staus due to the lack of mixing (and despite a common soft mass for the three generations of sleptons). The reason is that right-handed components couple more strongly to the Bino. Thus a typical spectrum for scenario A consists of several light particles in addition to the LSP, namely the sleptonsτ 1 ,ẽ R ,μ R and gauginosχ 0 1 ,χ 0 2 ,χ 0 3 ,χ Tevatron and LHC searches [26] .
In what follows, we will actually disregard scenario (B), since it was found in reference [19] that not only it is subject to the aforementioned constraints from the LHC, but also that the predicted direct detection rates and the photon flux from dark matter annihilation in Dwarf Spheroidal Galaxies were in excess of the limits from Xenon100 and FermiLAT respectively. Thus we focus exclusively on scenario (A) and investigate its signatures in the di and tri-tau final states, when one stau mass eigenstate is light enough.
Tau production channels
The largest production cross sections at the LHC are obtained for squarks and gluinos. These coloured particles decay into quarks and charginos/neutralinos which further decay directly or through a multistep decay chain into the LSP and Standard Model fermions.
As mentioned in the previous section, the spectrum associated with the scenario A involves a light stau NLSP (here by light we mean O(100) GeV as well as lightχ 0 2,3 ,χ ± 1 and right-handed slectrons and smuons. In the configurations where both theχ 0 2,3 ,χ ± 1 are heavier than theẽ R andμ R , the next-to-lightest neutralinos can directly decay into these light right-handed sfermion states, however, since these decays occur via the bino component ofχ 0 2 or through the left-handed admixture in the lighter slepton mass eigenstate (which is almost negligible for first two generations) the corresponding decay branching ratios are also very small.
Hence, the next-to-lightest neutralino dominantly decays into theττ,χ
1,2 Z ( * ) channels, thus producing one or two taus in the final state. The lightest chargino instead predominantly decays intoχ 0 1,2 W ( * ) , τν τ andν τ τ, thus producing one tau in the final state. Note that theχ ± 1 decay rates into pure right-handed selectrons and smuons are also suppressed due to the large Higgsino fraction associated with the chargino.
The production ofχ 0 i andχ ± 1 from each squark and gluinos decay chains inqq ( * ) ,gg,qg processes can therefore give rise to di-tau as well as tri-tau signatures. Other modes of tau production are in fact possible, for example from electroweak production of charginos, neutralinos and staus, but in the following we will show that after cuts the squark/gluino initiated processes are the main channels to consider 1 . The question that we want to address in this paper is whether one can probe the existence of light MSSM neutralinos by using the di-taus (same-sign or opposite sign) or tri-taus signatures at the LHC.
To answer this question, we first need an estimate of the yield into taus that is expected in the models corresponding to the case (A); hence the need to compute the chargino and neutralino decay modes for the majority of the points selected by the MCMC. We found that for a large fraction of the points, the dominant branching ratios correspond to Br(χ ± 1 →τ 1 ν τ ) and Br(χ 0 2 →ττ), as illustrated in Fig. 1 , meaning that taus are mostly produced through staus decay. The main competing decay channels for charginos and neutralinos are into gauge bosons, these branching fraction are largest for values of µ < 150 GeV as shown in Fig. 1 . The gauge boson decay will contribute to the production of taus with a small branching fraction. Theχ ± 1 →ν τ τ decay can be large sometimes and therefore also contribute to getting taus in the final state. Finally we note that the branching ratios of the second next-to-lightest neutralinos into the first and second generations of sleptons can reach up to 30%, due to the sub-dominant Bino component ofχ 2 , thus reducing the yield of tau channels that can be expected from these states. 1 Di-tau signatures of light staus from electroweak production ofτ 1τ1 andτ 1ντ were investigated in [27] 
Benchmark points
In order to perform a more quantitative study, we shall now identify two benchmark points which are representative of the features and spectrum of scenario A. For selection, we require that both charginos and neutralinos have a large branching fraction into taus. Their characteristics are summarised in table 1. Note that their mass spectrum is obtained using the spectrum generator SuSpect 2.41 [28] .
Not only are these benchmark points compatible with the WMAP data [29] and other DM search experiments, but they are also consistent with experimental constraints such as those from b → sγ, B s → µ + µ − , correction to the ρ-parameter and muon (g − 2) [30, 31, 32, 19] . Furthermore we have checked using
HiggsBounds3.6.1 [33, 34] that both benchmark points are compatible with recent LHC limits on the Higgs [35, 36, 37, 38] . The first benchmark point, hereafter referred to as BP-1 lies within the mass window still allowed for a SM Higgs, while the second point -hereafter referred to as BP-2-has a suppressed signal strength as compared to the SM.
Note that the exact mass of the light Higgs is not critical for this analysis. Equivalent benchmark points with a Higgs mass near 125 GeV can be obtained by adjusting the soft masses of the third generation squark and the stop mixing A t so as to increase the Higgs mass while maintaining the same mass fort 1 .
These modifications would have little impact on the rest of the analysis since it relies mostly on production channels which involve the first and second squark generations.
BP-1 features masses for the first and second generation squarks and for the gluino which are just above the exclusion limit from ATLAS and CMS [1] and has gluinos lighter than all the squarks. The right-handed squarks have a large branching ratio into gluinos (87%) while the left-handed squarks have significant branching ratios intoχ i q andχ + q . The gluinos can therefore decay predominantly into charginos and neutralinos, according to the decay chaing → qqχ 0 i andg →χ + i . BP1 thus favour di and tri-tau production since neutralinos have a large decay branching ratio into tau pairs and charginos into single taus (see Table 1 ). The full decay pattern for BP-1 is illustrated in Fig. 2 . BP-2 features a much heavier coloured spectrum, which will naturally lead to suppressed cross sections for squarks and gluino production. In BP-2, the first and second generation squarks are heavier than the gluino and therefore decay directly into a quark and a gluino. The latter decays asg →b 1 b with a branching ratio close to 90%.b 1 decays further into quarks and neutralino/chargino, namelyb 1 → tχ − 1 , bχ 2 , bχ 3 ; each of these decay having a large branching ratio into taus.
Collider Simulation
We can now study the collider signatures of these two benchmark points. As discussed earlier, the fact that the lightest chargino and the second lightest neutralino are light and dominantly Higgsino-like enhances the branching ratios intoχ ± 1 →τ 1 ν τ (50 %-66 %) andχ 0 2 →τ 1 τ (∼ 80%) respectively. Therefore, staus (and taus) will be produced in cascade decays of squarks and gluinos via the decay of charginos and neutralinos, in addition to electroweak processes such as direct production of charginos/neutralinos and pairs of staus.
The signal has contribution mostly from the squark and gluino cascades, not only because of their high production rates but also because one gets harder taus which have better chances of surviving the cuts. The same-sign di-tau events result from the Majorana character of the gluino which decays into theχ + 1 and thẽ χ − 1 with equal rates, and charginos of the same sign in the two opposite hemispheres can yield a same-sign tau pair. Tri-tau events have their origin in the production of aχ 0 2 and aχ ± 1 in the two chains of cascade and also inχ 0 2 −χ 0 2 production in SUSY cascades, where both the neutralino decay into stau-tau pairs. The staus further decay intoχ 0 1 − τ pairs, giving rise to four taus in the final state. However due to limited tau identification efficiency, one of them goes untagged.
Event signatures
We will focus on the following processes:
• A pair of same-sign ditau-jets (SSDτ j ), together with at least three hard central jets and large / E T (SSDτ j + 3 − jets + / E T )
• Three tau-induced jets in association with two/three hard central jets and large / E T (3τ j + 3 − jets + / E T ).
Here, τ j represents a jet out of a one-prong hadronic decay of tau, and the missing transverse energy is denoted by / E T . The collider simulation has been done with a centre of mass energy E cm =14 TeV, using the event generator PYTHIA 6.4.16 [39] . Once the Monte Carlo calculation yields a cross-section, the number of events for any luminosity can be trivially obtained. Jets have been defined using the simple cone algorithm of PYCELL in PYTHIA with ∆R = 0.4 (defined as ∆R = ∆η 2 + ∆φ 2 , where η is the pseudo-rapidity and φ is the azimuthal angle). We have used the parton distribution function CTEQ6L1 [40] with the factorisation (µ R ) and renormalisation (µ F ) scale set at µ R = µ F = average mass of the final state particles. Initial and final state radiations have been taken into account. The finite detector resolutions have also been incorporated according to the prescription given in [41] . Following are the numerical values of various parameters, used in our calculation [30] :
We have considered one-prong hadronic decay of tau's, which comprise 80% of its hadronic decay width and about 50% of its total decay width. In the massless limit (E τ m τ ) where the tau is boosted in the laboratory frame, tau decay products are nearly collinear with the parent tau. In this limit, hadronic tau decays produce narrow jets of low multiplicity, to be identified as tau-jets. The one-prong hadronic decay of the tau has been identified using the prescription of [42] , assuming a true tau-jet identification efficiencies of 50% and a fake tau-jet rejection factor of 100 [42, 43] for both signal and backgrounds. We have also assumed that for a true tau-jet, the charge identification efficiency is 100%, while to a non-tau jet we have randomly assigned positive and negative charge, each with 50% weight 2 . Note that we did not consider leptonic decays of the taus and this has been ensured by vetoing isolated leptons in the final state. In Table 2 we present the initial hard scattering cross-sections for strong and electroweak-gaugino productions. Though the EW gaugino production cross-section dominates over the strong production, in the following one can see, after applying the background elimination cuts, it is the strong production which dominates the signal cross-section. Table 2 : The hard scattering cross-sections (in pb) of strong and electroweak productions for our respective benchmark points.
Standard model backgrounds
Both of our final states suffer from standard model (SM) contaminations. The following SM processes are the most important ones.
• tt: This is potentially the most serious among all the SM backgrounds. This contributes to the SSDτ • tt+jets: This subprocess contributes to our final state in a similar way as tt does. The only difference is that with additional jets in the final state the jet faking probability increases in this case. Apart from this, the kinematics of these events are slightly different from that of tt events, which show up in the distributions of various kinematic variables.
• ZZ: This subprocess is also a potential background to our desired final state due to the limited tau identification efficiency. The case when both the Z decays into τ + τ − -pairs (ZZ → τ + τ − τ + τ − ) and two of the tau-jets having same sign get detected while the other two go undetected contribute to SSDτ j final state. Also, if one of the Z decays into a τ + τ − -pair and the other decays hadronically, then the combination of one true tau-jet and one fake tau-jet can give rise to same sign di-tau jet final state.
A tri-tau jet final state can be mimicked when one fake tau-jet is identified in addition to the tau pairs from Z decays. One can also have one true tau-jet out of a Z-decay and any two non-tau jets being identified as tau-jets which can then fake the tri-tau jet final state.
• ZH: This background is similar to the case of ZZ. Here, the decay of Higgs (H → τ + τ − ) can produce tau lepton in the final state. The non-tau jets can arise in H → bb.
• ZW : This subprocess can contaminate both di-tau jets and tri-tau jets final state. The same sign di-tau can arise when one tau from Z-decay and the other one from W-decay get identified. Also one can have a true tau-jet either from Z or W decay and the other one can be a fake tau-jet. Contribution to the tri-tau jet final state comes from events where both the Z and the W decay in the tau-channel. The combination of two (one) true tau jets and one (two) fake jet(s) is also a possibility in this case.
We have simulated 10 7 signal events using PYTHIA for both of our benchmark points. The tt and tt+jets backgrounds have been simulated using ALPGEN (version 2.14) [44] . We have generated 10 8 weighted events for tt+0-jet (and tt+1-jet) and left with 2303879 (and 638838) unweighted events, whereas for tt+2-jets (and tt+3-jets) we have generated 5 × 10 8 weighted events and ended up with 516567 (and 306035) unweighted events. The remaining ZZ, ZH and ZW processes have been simulated using PYTHIA generating 10 7 events. In all cases, the initial and final state radiation and the parton hadronization are simulated by PYTHIA.
Event selection criteria
We have implemented the following basic cuts for each event to validate our desired final states. For the SSDτ final state we have used the following event selection criteria:
• p T τ 1 > 50 GeV and p T τ 2 > 40 GeV, |η| < 2.5 for the two tau-jets in the final state.
• p T > 100, 100, 50 GeV, |η| < 2.5 for the three associated jets, in decreasing order of hardness.
The pre-selection cuts imposed for the 3τ final state are:
GeV and p T τ 3 > 30 GeV, |η| < 2.5 for the three tau-jets in the final state.
• p T > 100, 75, 50 GeV, |η| < 2.5 for the three associated jets, in decreasing order of hardness.
To reduce the standard model background we have investigated additional cuts on the following kinematic variables, as can be motivated from figure 3, 4 and 5. These cuts considerably suppress the SM backgrounds with less severe affect on the signal,
• Σ| p T | > 1000 GeV where Σ| p T | is the scalar sum of the transverse momentum of all visible particle in the final state.
• / E T >max(150, 0.1·Σ| p T |) or
• M e f f > 1000 GeV where, M e f f = Σ| p T | + / E T .
• / E T >max(150, 0.1·M e f f )
Those cuts were selected to give the best significance, a comparison of the impact for different values and combination of cuts will be presented in the next section. Note that the Z-invariant mass cut will reduce the background from Z+jets considerably, and the application of the hard cut on scalar sum of p T and/or effective mass variable reduces both the QCD and Z+jets backgrounds, thus the dominant backgrounds are mainly tt and tt+jets.
Results and discussions
In this section we present the numerical results of our analysis. Table 3 shows the expected signal and background events at the 14 TeV LHC run and with an integrated luminosity of 10 fb −1 . The following estimator for the signal significance is used [42] Sig.
where, S and B are the expected number of signal and background events, respectively.
First note thatqq * ,qg,gg are the dominant processes for the BP-1 di-tau production after application of basic cuts while they are not for BP2 because the gluinos and squarks are too heavy. As a result electroweak gaugino decay lead to a substantial contribution ( 50 %) in the di and tri-tau BP-2 production channels.
However, after applying various cuts to suppress the background, only the contributions fromqq * ,qg (and gg for BP1) will survive so that the significance will be large only for BP-1.
As we can see from the upper panel in Table 3 , both the di and tri-tau production channels are larger for BP-1 at large effective mass values (M e f f > 1200 GeV) than for BP-2. For these values the signal is dominated by squark and gluino initiated processes and is therefore larger for lighter squarks and gluinos.
For BP-2, there is a larger signal at low effective mass values (M e f f < 600 GeV) than for BP-1. In this region the signal is completely dominated by electroweak, i.e. charginos,neutralinos and staus, contributions (see lower panel). Thus a kinematic cut at large M e f f (i.e. above 1200 GeV) would not only get rid of the background but also most of the signal from electroweak processes. This means that such a cut would unfortunately kill most the signal for BP-2. On the other hand, for BP-1, the signal significance is large enough to discover supersymmetry in di and tri-tau production.
The missing E T distribution is more peaked towards values for BP-2 than for BP-1 because BP-2 is dominated by electroweak processes, as can be seen from a comparison of the top and bottom panel of Table 3 where one sees that harder cuts lead to large significance for BP-1 in both the di-tau and tri-tau channels.
Because of the low number of signal events for BP-2, a higher luminosity is required to reach the discovery level in both channels. We estimate that the significance would increase by a factor 3 for a luminosity of L = 100fb −1 .
Summary and conclusions
We have investigated the LHC signatures of an MSSM scenario which addresses the dark matter issue with the help of neutralinos that are rather on the lightest side, namely, below 30 GeV. We have taken a cue from an earlier study which indicated that such a situation, for its consistency, will also require light non-strongly interacting superpartners, and particularly a stau as the next-to-lightest SUSY particle. The exchange of light stau in this case is required for achieving the desired annihilation rate for the dark matter candidate.
Accordingly, we have focused on the signals where such a light stau has the central role, and in this spirit we have explored same-sign ditau and tritau events. It should, however, be noted that our analysis can also be applied to other SUSY scenarios where relatively light staus are abundantly produced in SUSY cascades.
We have chosen two benchmark points representative of the scenario under investigation. These benchmark points comply with all astrophysical as well as accelerator constraints, and they predict large branching ratios for the chargino and (second lightest) neutralino decaying into staus. As the stau-rich final states are susceptible to backgrounds of a challenging nature, a study of the relevant backgrounds has also been performed. It is found that one has to wait for the 14 TeV run, and integrated luminosities ranging from 10 to 100 fb −1 in order to see the signals with reasonable statistical significance.
Our results show that, since both the di-and tri-tau production processes peak at large effective mass for benchmark point 1 (where strong production controls the rates), a sizable effective mass cut is rather useful in removing backgrounds. This cut is not so efficient for benchmark point 2, since the events there arise largely from electroweak production. That is why higher luminosities are required for the effective exploration of this region of the parameter space. This conclusion is one more reminder of the general difficulty in exploring MSSM scenarios where the squarks and gluinos are heavy but the non-strongly interacting new particles are quite light. The difficulty is compounded when one is looking for smoking gun signals of a specific situation within the above class, namely, where a light stau has a special role in ensuring the requisite relic density. Our analysis shows that such a scenario can be probed at the LHC in spite of all difficulties, provided the LHC runs through sufficient integrated luminosity at 14 TeV. On the other hand, any non-observation of the di-tau and the tri-tau signal rates over the SM backgrounds at the LHC would highly constrain this type of scenarios.
